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Abstract 
Oxygen (O2) production is a major part of the energy consumption and capital cost of power stations and 
industrial processes using oxy-combustion and pre-combustion gasification of fossil fuels with carbon dioxide (CO2) 
capture. O2 requirements range from 3.0 tonne/day/MW net electrical power to about 20tonne/day/MW. O2 purities 
are from 90% to 97% and delivery pressures are from 1.7 bar to 70 bar. O2 is currently produced by cryogenic 
distillation of air in efficient optimized plants. A new process for O2 production under development uses a mixed 
metal oxide ceramic membrane (ITM or OTM) operating at temperatures above 700
o
C integrated with a high 
temperature and pressure air source such as a gas turbine. Reducing conditions on the permeate side of the 
membrane allow the production of hydrogen plus carbon monoxide (H2+CO) gas at elevated pressure.  
 
1. INTRODUCTION 
The IPCC special report [1] on CO2 capture and storage gives global CO2 emission in 2000 at 23.5 GT with 
nearly 60% of this attributed to 7887 sources above 100000 tonne/year including 4942 electric power stations which 
emitted 10.5 GT/year CO2. The remaining 40% emissions were mainly from transportation systems.  If man-kind 
changes to H2 fuel for the bulk of vehicular transport then the H2 can be produced in large plants from fossil fuels 
with CO2 capture. This concentration of CO2 emissions into a manageable number of large point sources makes CO2 
capture from fossil fuels the main method available for drastically cutting CO2 emissions in the future. Large 
quantities of O2 will be required for power generation and industrial processes with CO2 capture. The IEA 
Greenhouse Gas R&D Program commissioned a review of potential future improvements in O2 production 
technologies for use in fossil fuel based oxy-combustion and partial oxidation systems for electric power production 
and industrial processes with CO2 capture. The only method currently used for large scale O2 separation from air is 
cryogenic distillation. The competitive climate and new applications have led to significant reductions in capital 
costs and increases in efficiency and train sizes in recent years. Future CO2 free power systems will have higher 
electricity costs requiring the use of more efficient cryogenic air separation plants of much higher single train 
capacity than the current 4000 tonne/day maximum. A newly developed O2 production process uses mixed oxide 
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ceramic materials operating at high temperature which act as selective membrane separators for O2. The study 
includes: 
  * A review of current cryogenic O2 production technology and improvements needed for plants designed for 
oxyfuel and gasification systems to provide the huge quantities of O2 at the lowest possible cost. Operational 
problems such as load following and start-up are also considered. 
  * A description of current ITM/OTM technology and its application to the production of pure O2 and (H2+CO). 
 
2. USES OF OXYGEN 
2.1 Oxygen requirements with CO2 capture from fossil fuels 
Recent advances in oxyfuel power production technology make this the likely choice for large coal fired power 
stations [2], while advanced gasification systems will be capable of producing both power and H2 fuel. Coal and 
natural gas will be the main fossil fuels used. An oxy-fuel coal fired power station requires about 20tonne/day O2 
per Mw capacity representing about 20% of capital cost while an IGCC station would require 7.5tonne/dayO2 per 
MW contributing 10% to capital cost. Natural gas fuel produces only about 40% of the CO2 emission of a coal based 
plant but if CO2 capture is used, it must be converted to H2. The very large H2 production capacity makes 
conventional steam/natural gas reforming an uneconomic solution compared to O2 based processes such as auto-
thermal reforming and partial oxidation. The latest processes which combine a partial oxidation or auto-thermal 
reformer with a convectively heated steam/natural gas catalytic reformer can reduce the specific oxygen 
consumption to 3 tonne/day/MWe. Oxygen purities of 90% to 97% molar are satisfactory for all these applications. 
Pressures vary widely from only 1.7 bar for an oxyfuel coal fired boiler to between 30 bar and 100 bar for current 
and future coal and natural gas H2 generation systems. A 1000 MW coal fired boiler would require 20000 tonne/day 
O2.  The current maximum single train capacity of 4000 tonne/day must be increased to 10000 tonne/day. The 
concept of operating a gas turbine combined cycle power system using CO2 as the working fluid in the gas turbine 
and with an oxyfuel combustion of natural gas has been studied by Alstom [2]. CO2 is removed, purified and 
compressed to 110 bars.  
2.2  Nitrogen requirements for hydrogen fuelled gas turbines  
H2 has a low heat of combustion, a high adiabatic flame temperature, a high flame velocity and a wide 
flammability range. Dilution of the H2 with N2 from the ASU together optionally with some steam is required 
primarily to reduce NOX to below 15 ppm. Stable combustion can be achieved with a H2 concentration of 40% to 
60%. The fuel volume is in the range 15% to 18% of the gas turbine air flow compared to below 3% for natural gas. 
It is desirable to design the ASU to produce all the available separated nitrogen at 3 bar to 5 bar higher in pressure 
than the gas turbine compressor delivery pressure with 1% maximum oxygen content for safety reasons. Air based 
auto-thermal reforming of natural gas produces H2 blended with the N2 required for dilution, but the large increase 
in the size and capital cost of the H2 generation and CO2 removal system makes this process uneconomic. 
 
3. CRYOGENIC OXYGEN PRODUCTION 
3.1 The air separation plant (ASU) 
The cryogenic distillation of air is currently the only method available for the large oxygen production rates 
required for future fossil fuel gasification and oxyfuel combustion with CO2 capture. The process has been under 
development for over 100 years. Current large scale users are the chemical, steel and petroleum industries. Plant 
sizes range up to 4000 tonne/day oxygen for the synthesis of Fischer-Tropsch hydrocarbon liquids. The industry is 
highly competitive resulting in reliable systems which combine efficiency and capital cost in an optimum manner 
depending on application, location and economic factors. O2 purities of up to 97% are favored as this requires the 
much easier separation of N2 from O2. Production of 99.5% O2 requires the more difficult O2/Ar separation with up 
to double the number of separation stages in a distillation column. A flow-sheet for the simplest type of cryogenic 
air separation system is shown in FIG 1. Separation of over 95% of the O2 in the air feed at 90% to 97% molar 
concentration is carried out in two distillation columns thermally linked by a reboiler/condenser. Partially liquefied 
air 1 at 4 to 6 bar pressure enters the high pressure column and separated N2 gas 2 condenses to provide reflux to the 
high pressure column 3 and after sub-cooling to the low pressure column 4. The O2 rich liquid stream 5 and a high 
pressure fraction of the air which has been liquefied 10 are the feed streams to the low pressure column. 
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The distillation separates an N2 gas stream 7 and a liquid O2 stream 9 which is pumped from the base of the column 
to a higher pressure before being vaporized and heated to ambient temperature together with the product N2 stream 
in the main heat exchanger which cools and partially liquefies the air feed streams. The feed air to the plant is 
compressed to 4.5 to 6.5 bar in the main air compressor then water vapor CO2, trace components particularly N2O 
and hydrocarbons are removed by a cyclic adsorption unit. Up to 30% of the air is further compressed to a pressure 
of 60 to 90 bar, which gives a positive temperature difference as it condenses against boiling liquid O2 at 50 to 70 
bar in the main heat exchanger. The refrigeration balance on the plant is provided by expanding a portion of the high 
pressure air stream in a turbine. The discharge air stream 11 discharges into either of the two columns at a 
temperature close to its dew-point. The cryogenic equipment is contained in steel cold boxes insulated with perlite 
and rockwool. The main air compressor discharge pressure is fixed by the boiling temperature of O2 and the 
condensing temperature of N2 in the re-boiler condenser which is the result of the pressure drops in the high pressure 
air circuit and low pressure N2 circuit together with the design temperature difference across the reboiler condenser. 
The cost of O2 will be up to 70% power and 30% capital costs. In recent years capital and operating costs have been 
reduced through improvements in process and equipment design. 
3.2 Components of a cryogenic plant 
  * The air compressor for plants of 4000 to 10000 tonne/day would be an axial/centrifugal combination driven by a 
steam turbine or electric motor. The compressor manufacturers have the technology, experience and fabrication 
facilities to extend their current demonstrated capability of 4000 tonne/day oxygen when the demand arises. 
  * The air purifier is a dual bed system using pelleted adsorbents which is operated on line for periods from 90 min 
to 6 hrs and then switched to thermal regeneration at typically 150
o
C with a N2 stream. The adsorbents are generally 
arranged with a first layer of an alkali metal doped alumina for bulk water and CO2 removal followed by a second 
layer of a 13X zeolite for final clean-up [3]. The preferred bed geometry for very large air flow-rates is an annular 
vertical arrangement, with radial gas flow. The air flows radially inwards to a central collection tube while the 
regeneration gas flows outwards. 
  * Cryogenic heat exchangers are almost exclusively aluminum plate fin units. Blocks are manifolded together to 
provide units of any required size. These units are used for main heat exchanger, reboiler condenser and sub-coolers. 
  * The distillation column uses aluminum and copper structured packing in sections separated by carefully designed 
liquid distributors. Scale-up to column sizes for 10000 tonne/day O2 plants has been demonstrated for petroleum and 
petrochemical systems and would not present a process risk for air separation. 
  * The reboiler/condenser is an aluminum plate-fin heat exchanger assembly located within the distillation column 
shell. The preferred arrangement is for the liquid O2 to evaporate as it flows downwards with N2 condensing also in a 
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downward flowing direction. The operating temperature difference at the O2 outlet can be 1
o
C. The O2 distribution is 
critical to avoid safety problems caused by accumulation of trace hydrocarbons, N2O, CO2 if dry boiling or a 
passage blockage occurs. The design and operation of the air purifier adsorbers is critical for safe reboiler operation. 
3.3 Integration of oxygen plant with energy system 
In a coal fired oxyfuel boiler the feed-water is preheated using steam bled at increasing pressure levels from the 
steam turbine as the heat source. Using an ASU adiabatic air compressor provides boiler feed-water preheating in 
the after-cooler giving significant power savings by releasing steam for the turbines and reducing cooling water 
requirements for the ASU. The compressor erected costs are significantly reduced. Adiabatic compression of the 
CO2 produced will also lead to similar benefits. A fossil fuel oxygen based gasification system with CO2 capture 
produces a hydrogen fuel gas which must be diluted with nitrogen from the ASU together with some steam 
generated by using gasifier low grade heat for controlling NOX levels in the gas turbine exhaust. The resulting fuel 
gas mixture is typically 6 times the volumetric flow of the usual natural gas fuel. This means that in practice there 
will always be sufficient flow in the turbine section to fully load the gas turbine under virtually any air inlet pressure 
or temperature. The air flow can be regarded as fixed once the volume of fuel gas is fixed. This results in the air 
compressor section delivering more air than required for low air temperature sea-level locations with progressively 
less air at high temperature elevated locations. The air balance will vary with gas turbine manufacturer and model. 
In general excess air may often be available which can be bled in many machine designs from the compressor 
discharge. This air can be used following pressure reduction and heat recovery for part of the air feed to the ASU. 
This decoupling of the pressures in the gas turbine and ASU is highly desirable to allow stable ASU operation. 
Bleed air is usually limited to about 40% of the ASU total requirement so that the ASU can be started up with a 
separate air compressor. In general all the available nitrogen from the ASU is required for hydrogen dilution. 
3.4 Process cycles for cryogenic air separation 
Analysis of the thermodynamic losses leading to total ASU power consumption requires an exergy analysis. 
Flow-sheeting programs such as ASPEN PLUS have options for these calculations. The contribution to total power 
consumption for a simple double column plant producing 99.5% O2 at 1.1 bar pressure is shown in Table1. The 
current use of low pressure drop distillation packing, low temperature difference down-flow re-boilers, longer heat 
exchangers, larger diameter piping and high efficiency air compression have all reduced power consumption. 
Further major reductions will result from the use of more efficient distillation involving more levels of heat 
integration between the high pressure and low pressure distillation columns with accompanying changes to the basic 
process cycle.  The effect of using a nested cascade of two reboiler condensers is shown in FIG 2 [4]. Other 
arrangements are also possible. The use of less than 97% O2 purity facilitates these integrations. The flow-sheet for a 
current design of a 95%, 1.6 bar pressure O2 plant for use in an oxyfuel coal fired boiler having a power 
consumption of 201 kWhrs/tonne of contained O2 is shown in FIG 3 [5]. 
 
`   Contribution to total power     
 
TABLE 1 
Item  % 
Heat exchangers T  15.8 
Expansion turbine  0.9 
Pressure drops  5.7 
Pressure reducing valves  3.4 
Heat leak  0.9 
Mixing  0.4 
HP (lower) column  3.2 
LP (upper) column  16.8 
Ideal work of separation  16.9 
Product conditions  5.1 
Air compressor and motor  30.9 
 Work input 100.0 
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The air is compressed to 3.5 bar in K101 while part is compressed to 5.3 bar K102 and used to evaporate the liquid 
O2 product stream in E101. The compressors are adiabatic with heat of compression used for condensate and boiler 
feed-water preheating. There are two high pressures columns. C103 operates at 3.2 bar and produces N2 which boils 
low purity O2 in E104 while C104 operates at 5 bar pressure boiling higher purity O2 at the base of the LP column 
C105. Part of the condensed N2 from E103 provides the top reflux stream to C105 while impure reflux N2 from 
E104 provides and intermediate reflux stream. The LP column has 4 feed points, two reflux points and two re-
boilers. Each HP column could be surmounted by an identical LP column allowing a 10000 tonne/day O2 capacity in 
 
 
  
a column diameter of about 7 metres which could be shop fabricated. O2 for a fossil fuel gasification system with 
CO2 capture is required at 45 bar to 100 bar pressure typically at 95% purity and all the N2 will be required at 20 bar 
to 25 bar with below 2% O2 content for dilution of H2 gas turbine fuel. The most efficient configuration uses an 
elevated air pressure to facilitate N2 production at elevated pressure with an efficient distillation system and the 
option of partial air feed from the gas turbine air compressor [6]. The flow-sheet for a current design is shown in 
FIG 4. The plant has a single HP column operating at 9.7 bar pressure and two LP columns. One operates at 3 bar 
producing product liquid O2 from the sump, which is pumped to delivery pressure and vaporized in the main heat 
exchanger. The other operates at 5 bar and produces a 70% liquid O2 product stream from the base which is fed to an 
intermediate point in the 3 bar column. The N2 streams from these two columns are compressed and heated against 
cooling air bleed from the gas turbine compressor then mixed with the H2 gasifier product. The cooled air is reduced 
in pressure to 10 bar in a turbine expander and provides up to 40% of the air for the O2 plant. A separate air 
compressor delivers 60% of the air which allows the O2 plant to be started without the gas turbine in operation. 
About 30% of the air is further compressed to between 60 bar and 100 bar to condense against boiling product liquid 
O2 in the main heat exchanger. All the major O2 plant suppliers have patented process designs which have the same 
general characteristics as these two illustrations with similar performance. 
3.5 Operability and control 
New build oxyfuel coal fired power stations will be designed without air firing capability. They require high 
reliability O2 production with constant purity and a ramping capability of 5% flow/minute at all operating levels. 
This is higher than can be achieved by the plant alone, but if a liquid O2 backup storage and an instant demand 
vaporizer system is installed this is easy to achieve. Consider a 10000 tonne/day O2 plant ramping at 5%/min from 
60% load to 100% in 8min. The ASU can ramp at 2%/min and it would require an additional 16.7 tonne liquid  
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oxygen to be vaporized, a small amount easily produced from the ASU during steady operation. Turndown at 
5%/min would be achieved by venting 16.7 tonne of excess oxygen or allowing O2 purity to rise a little. The 
dynamic behavior of the O2 plant with variations in power demand are easily simulated by using one of the options 
in ASPEN PLUS or other software. Similar considerations apply to the O2 plant integrated with a fossil fuel 
gasification system. For both systems the capacity of the liquid O2 storage tanks should be sufficient to provide 
capacity to fill the plant with liquid O2 and produce extra refrigeration to minimize plant startup times from a warm 
condition. 
3.6 Future developments 
Cryogenic air separation is a mature efficient technology ideally suited for oxyfuel coal fired boilers and capable 
of efficient integration with fossil fueled gasification systems. The industry currently uses high efficiency aluminum 
plate-fin heat exchangers, optimized packed column systems, advanced air purification by adsorption, efficient 
process cycles and advanced control systems all relevant to future technical needs. Modern air compressors having 
high efficiency with advanced aerodynamic design will be available for the large single train O2 plants of up to 
10000 tonne/day capacity required for power and H2 systems with CO2 capture. The main requirement will be for a 
very large increase in manufacturing capacity to meet demand if CO2 capture and storage is implemented globally 
 
4 OXYGEN PRODUCTION USING SOLID ELECTROLYTES 
4.1 The oxygen transport process 
Certain electrically conducting mixed metallic oxides can diffuse O2 ions and electrons through their crystal 
lattice at temperatures above 600
o
C when exposed to a difference in activity such as partial pressure or equilibrium 
O2 concentration. A concentration cell is set up with an emf E and O2 inlet partial pressure P and outlet pressure 
(pure O2) Pperm. R is the gas constant and F is the Faraday constant. T is the absolute temperature and L is the 
active membrane thickness. JO2 is oxygen flux, and Oi is ionic conductivity.O2 diffusion is controlling. 
E = (RT/4F)ln(P/Pperm)     -1 
    J02 =  -( RTOi/16FL)ln(P/Pperm)    -2 
The practical temperature range is above 750
o
C and typical permeability of a leak-free membrane is 10
6
 to 10
7
 
barrers. The actual O2 flux achieved in practice will be reduced by diffusional mass transfer resistances on the feed 
and permeate side of the membrane and its flow geometry. The recommended operating range for Air Products 
membranes using air derived feeds are a temperature range from 800
o
C to 900
o
C , feed pressure from 6.9 bar to 69 
bar with O2 content from 0.1 to 0.21 mol fraction and permeate pressure from 0.13 bar to 6.9 bar. The maximum 
achievable O2 recovery occurs when the O2 partial pressure in the feed stream falls to the pressure of the O2 
permeate stream and the recommended design recovery should be in the range 50% to 85% of this value. An inert 
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purge gas stream such as steam or oxy-fuel recycle flue gas can used to dilute the O2 permeate stream. The 
recommended Pperm is: 
      PXfeed = 7Pperm   -3 
An ITM can be used to either produce a pure O2 product stream or it can be exposed to a reactive gas mixture on 
the permeate side such as natural gas, H2, CO, steam mixtures. The O2 equilibrium concentration will be extremely 
low (<10
-16
 bar at >800
o
C) which would allow operation with atmospheric pressure air on the feed side and high 
pressure conditions on the permeate side limited only by the mechanical strength of the membrane system. This is 
due to the diffusion of O2 being proportional to ln(P/Pperm) compared to pore diffusion where the rate is 
proportional to (P-Pperm). Operation with CH4:H2O:O2 in the proportions 1:4:0.37 at 20 bar 800
o
C would result in 
isothermal conditions for the membrane at equilibrium with a composition H2 37%, CO 6%, CO2 8%, CH4 2%, H2O 
47%. The exothermic oxidation is balanced by the endothermic reforming reaction. Alternatively a lower steam to 
CH4 ratio could be used allowing a temperature rise of 100
o
C maximum. Important features of ITM systems are: 
  * Feed and product must be free from particulates or solid products which would block the membrane surfaces. 
Only clean gas can be used. Reaction conditions must not lead to Bouduard carbon formation. 
  * The membrane oxide material must be thermally stable and have stable crystal structures at operating 
temperature and over the entire oxygen partial pressure operating range. 
The preferred ITM materials are perovskites having a cubic structure with a typical overall formula AB3-x where A is 
a lanthanide element, B is a transition metal such as titanium, vanadium, chromium, iron, cobalt, copper and zinc 
with some minor additional components [7]. O2 diffusion is maximized when x is in the range 0.05 to 0.5 resulting 
in vacancies in the O2 ion positions in the crystal lattice. The basic membrane structure consists of a very thin dense 
O2 diffusion layer backed by a porous support layer both usually fabricated from the same perovskite material. The 
module design must be amenable to standard ceramic forming techniques such as tape casting, shaping, curing, 
baking and assembly into the final elements. The element must have good hydrodynamic design to minimize mass 
transfer resistance and its design must ensure dimensional and chemical stability and low stress concentration under 
thermal and pressure cycling during startup, shutdown and operation. There must be a reliable ceramic to metallic 
joint to allow gases to enter and leave the elements. The material used must be compatible with high temperature O2 
at the design pressure. Each company engaged in the development of ITM systems has a unique design approach. 
4.2 Air Products oxygen ITM systems 
The ITM system developed by Air Products for pure O2 production is shown in FIG 5. The integration of the ITM 
membrane module with a modified gas turbine for a gasification application involves extracting compressed air 
 
from the turbine compressor discharge at a temperature of about 450
o
C and heating it up to 800
o
C to 900
o
C with a 
direct combustion of H2 fuel gas. The hot air is then passed through the membrane module where it flows over the 
outside of the membrane wafers. O2 diffuses through the outer dense layer A and the porous layer B to be collected 
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and delivered down the central collection tube. The backing ribs C provide structural support to resist the external 
air pressure. The wafers are arranged in modules each capable of producing 0.5 to 1.0 tonne/day of O2. The modules 
are assembled in a pressure vessel and the O2 is cooled, compressed and delivered to the gasifier. The non-permeate 
stream contains sufficient O2 for the second combustion of H2+N2 fuel gas in the gas turbine combustor giving the 
required gas temperature for the gas turbine expander inlet. No additional N2 for H2 fuel dilution is required and the 
deficiency in gas turbine expander flow due to the loss of diffused O2 can be made up by humidifying the H2 fuel 
gas with low level heat from the upstream gasification process. Modules of 0.5 tonne/day capacity have been tested 
at gas turbine operating conditions. The modules exceeded the mechanical strength and performance requirements 
defined for commercial operation. The gas turbine air flow must be sufficient to provide both the O2 required for the 
gasification process and for the gas turbine combustion. The next stage is operation of the modules integrated with a 
gas turbine 
4.3 Air Products H2+CO ITM module 
Similar ITM configuration is used for H2+CO syn-gas production from natural gas/steam. The wafer module 
stacks are mounted in a pressure vessel with the high pressure syn-gas and feed gas passing over the wafers on the 
shell side and low pressure air distributed evenly within each wafer. The thin dense O2 diffusion layer is on the air 
side and a layer of active reformer catalyst is impregnated on the outside of the wafers.. Full size modules have been 
tested and have exceeded performance objectives. 
4.4 Norsk Hydro systems 
The zero emission power plant (AZEP) FIG 6 replaces the combustor of an air cycle gas turbine with a novel 
oxyfuel system (MCM) using an oxygen transport membrane with natural gas fuel [9]. The MCM consists of a gas 
turbine air preheater section raising the temperature from 400
o
c to 900
o
C followed by the ITM section where O2 
diffuses into the O2 depleted combustion product and finally a high temperature section where the O2 depleted air is 
heated to 1250
o
C against combustion gas at 1300
o
C before entering the gas turbine expander. A fan is used to 
circulate recycled gas on the combustion side of the unit to control the combustion temperature. The net CO2 and 
H2O combustion products pass through an air bleed heat exchanger and the steam raising section of the plant. The 
MCM reactor design is a square section multichannel extruded ceramic monolith heat exchange/ITM combination. 
The material used is a mixed metallic oxide capable of withstanding the 1300
o
C temperature of the combustion 
gases. The projected efficiency with near 100% CO2 capture at pipeline pressure is 50% to 52% (LHV). A 250 MW 
power system would require an MCM with a volume of 45 m
3
. The development program is focused on scale-up, 
manufacturing procedures and improvements in module performance.  
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4.5 Praxair systems 
  
The Praxair O2 transport membrane (OTM) FIG 7 is fabricated as closed ended tubes 95 sealed into two metallic 
tube sheets 109 and 94 [10]. The tube comprises a heat exchange length adjacent to the sheet lower tube 94 which 
maintains a temperature at the tube sheet interface at less than 300
o
C and an upper OTM section. O2 diffuses into the 
tubes from the shell side air flow in the upper section. The tubes are arranged in baffled bundles 120 and are free to 
expand upwards at operating temperature. The minor portion of the air feed enters the lower section at 92, is heated 
against cooling O2 and exits at 116 where it is added to the major hot feed air stream entering the upper OTM 
section at 91. O2 depleted air leaves at 114. Optionally the OTM tubes can be swept with an inert gas stream to 
reduce the O2 partial pressure introduced via inner tubes 112 entering via nozzle 108 and tube sheet 96. Praxair 
reports good operating experience with the tubes with multiple thermal cycles. These have operated with O2 partial 
pressure drive with and without a purge gas stream and also with a fuel gas on the permeate side of the membrane. 
Development work to improve performance and manufacturing methods continue. The OTM system has been 
applied to an oxy-fuel combustion of a fuel gas stream [11] in which O2 diffuses and combusts the fuel gas flow 
across the tubes while the heat released is immediately transferred to adjacent rows of steam raising and 
superheating tubes to keep the temperature in a controlled range. The combustion product following cooling and 
water removal is CO2 which can then be compressed to pipeline pressure. The fuel gas could be natural gas or coal 
derived synthesis gas. Cryogenic O2 is used for coal gasification and a first OTM reactor raises the synthesis gas 
temperature before expansion to produce power in the syngas expander. The hot syn gas then passes through the 
second OTM steam raising reactor. The efficiency is 34.5% (LHV). The OTM system has also been proposed for 
H2+CO syn-gas generation and power production when integrated with a gas turbine burning H2 fuel gas following 
CO shift and CO2 removal. The air compressor bleed gas is heated, the OTM unit reacts diffusing oxygen with 
preheated natural gas and steam to produce the syngas and the depleted air returns to the gas turbine combustor and 
expander. 
4.6 Linde/BOC systems 
The ceramic auto-thermal recovery process (CAR) uses mixed oxide perovskite pelleted material as an O2 
adsorbent in a duel bed rapid cycle operation [12]. The O2 in the feed air ionizes and is adsorbed while the metal 
ions are raised to a higher volency state providing electrons. The system is regenerated by passing a mixture of 
steam and natural gas at 210
o
C counter-currently which results in the release of the O2 adsorbed while the natural 
gas is oxidized to CO2 and water to maintain the beds at high operating temperature. The O2 steam CO2 mixture is 
cooled, water is separated and the oxygen rich gas is used in a pulverized coal oxyfuel boiler for power generation. 
The net efficiency of the power system is reduced from 42.7% to 34% (LHV) with CO2 capture and delivery of 
compressed purified CO2 at pipeline pressure. The developers claim a 27% reduction in power and a 50% reduction 
in capital cost compared to a cryogenic ASU. The CAR process is being developed with support from the European 
Union ENCAP CO2  SP5 project.  
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4.7 Future development of O2 ion transport systems 
High temperature solid electrolyte O2 separation technology is developing along four parallel and quite different 
pathways. Air Products is using compact high surface area membrane wafer modules at moderate operating 
temperatures of 800
o
C to 900
o
C. Norsk Hydro is developing composite multi-channel heat exchanger plus 
membrane modules in extruded ceramics operating at temperatures up to 1300
o
C. Praxair uses tubes at 800
o
C to 
900
o
C, while Linde/BOC is using perovskite mixed oxide as O2 adsorbents. These systems all operate with either 
oxidizing or reducing condition on the permeate or downstream side and they can be applied for oxyfuel or 
gasification applications with CO2 capture. Air Products appears to have the lead in the race to produce a reliable 
cost effective O2 production system properly integrated with the proposed processes for power generation or 
hydrogen production. All companies have significant Future development hurdles for all companies are: 
  * Improve membrane performance in oxidizing and reducing environments, 
  * Long term materials testing programs including temperature and pressure cycling to maximize useful life. 
  * Optimization to give stable hydrodynamics, low stress and vibration, and good system integration. 
  * Optimization of the manufacturing process to give high performance, low rejection rates and low cost. 
  * Reasonable scale demonstration projects under realistic operating conditions. 
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